GABAergic basket interneurons form perisomatic synapses, which are essential for regulating neural networks, and their alterations are linked to various cognitive dysfunction. Maturation of basket synapses in postnatal cortex is activity dependent. In particular, activitydependent downregulation of polysialiac acid carried by the neural cell adhesion molecule (NCAM) regulates the timing of their maturation. Whether and how NCAM per se affects GABAergic synapse development is unknown. Using single-cell genetics to knock out NCAM in individual basket interneurons in mouse cortical slice cultures, at specific developmental time periods, we found that NCAM loss during perisomatic synapse formation impairs the process of basket cell axonal branching and bouton formation. However, loss of NCAM once the synapses are already formed did not show any effect. We further show that NCAM120 and NCAM140, but not the NCAM180 isoform, rescue the phenotype. Finally, we demonstrate that a dominant-negative form of Fyn kinase mimics, whereas a constitutively active form of Fyn kinase rescues, the effects of NCAM knockdown. Altogether, our data suggest that NCAM120/NCAM140-mediated Fyn activation promotes GABAergic synapse maturation in postnatal cortex.
Introduction
GABAergic interneurons form a diverse neuronal population that regulates and modulates overall network connectivity and activity (Somogyi et al., 1998; Markram et al., 2004; Somogyi and Klausberger, 2005; Kullmann, 2011) . Fast-spiking, parvalbumin-positive basket cells constitute up to 50% of GABAergic interneurons in rodent cortex. In mature cortex, a single basket interneuron innervates hundreds of pyramidal neurons (Somogyi et al., 1998; Holmgren et al., 2003) . At each postsynaptic target, a basket cell axon extends multiple terminals with large boutons clustered around pyramidal cell soma and proximal dendrites, forming the characteristic perisomatic synapses (Tamás et al., 1997) . The mechanisms regulating the formation of basket cell synapses are still not well understood.
The neural cell adhesion molecule (NCAM) and its polysialylated form (PSA-NCAM) have been implicated in several developmental process, including synapse maturation and stability at glutamatergic synapses and at the neuromuscular junction (Cremer et al., 1994 Rafuse and Landmesser, 1996; Rafuse et al., 2000) . Recently, it has been shown that polysialic acid (PSA) acts as an activity-dependent signal to inhibit the formation of inhibitory synapses and the onset of ocular dominance plasticity in the developing visual cortex . In addition to homophilic NCAM binding, PSA modulates multiple cell adhesion and signaling receptors, including cadherins, integrins (Fujimoto et al., 2001) , FGF receptors Ponimaskin et al., 2008; Chernyshova et al., 2011) , and TrkB receptors . Therefore, it is unknown whether, after the natural removal of PSA from NCAM, NCAM per se could continue to regulate GABAergic synapse maturation. Furthermore, NCAM exists in three alternatively spliced isoforms (Cunningham et al., 1987; Barbas et al., 1988) : the 140 and 180 isoforms have intracellular domains differing only by a 267 aa insert in the 180 isoform, whereas the 120 isoform is glycosylphosphatidylinositol (GPI) linked and lacks an intracellular domain. Different NCAM isoforms play different roles in specific developmental processes (Polo-Parada et al., 2004; Hata et al., 2007) . In addition, NCAM induces the activation of a number of intracellular signaling cascades (Maness and Schachner, 2007; Ditlevsen et al., 2008) . It is so far unknown whether there is an isoform-specific effect on GABAergic synapse formation and, if so, what would be the signaling pathway involved in NCAM-mediated regulation of GABAergic synapses.
Using a single-cell genetic approach in organotypic cortical slices, we deleted NCAM in single basket interneurons at different developmental phases and studied its effect on perisomatic GABAergic innervation. We show that NCAM removal during basket cell maturation causes not only a significant decrease in perisomatic innervation around single pyramidal cell targets but also a significant reduction in the number of targeted postsynaptic pyramidal cells. In contrast, deletion of NCAM after basket synapse maturation does not affect basket cell innervation. Furthermore, we show that the NCAM120 and NCAM140, but not NCAM180, isoforms can rescue the deficits in perisomatic innervation caused by NCAM deletion and that they act through the downstream Fyn kinase signaling pathway to ensure appropriate maturation of basket cell perisomatic synapses.
Materials and Methods

NCAM
lox/lox transgenic mouse and DNA constructs. The NCAM lox/lox transgenic mouse, wherein the fifth exon of the NCAM gene is flanked by two loxP sites, has been described previously (Bukalo et al., 2004) . During biolistic transfection of organotypic slices from NCAM lox/lox mice of either sex, using the specific P G67 promoter driving Cre recombinase (Chattopadhyaya et al., 2007) , the fifth exon was excised, resulting in knockdown of NCAM exclusively in GABAergic basket neurons.
All the monomeric red fluorescent protein (mRFP)-tagged NCAM120, NCAM140, and NCAM180 isoforms (generously provided by Drs. K. Hata and L. Landmesser, Case Western Reserve University, Cleveland, OH; Hata et al., 2007) and Fyn dominant-negative (DN) and constitutively active (CA) forms (generously provided by Dr. P. Maness, University of North Carolina School of Medicine, Chapel Hill, NC; Beggs et al., 1997) were cloned into the original P G67 -GFP vector construct. P G67 -GFP was generated by subcloning of a 10 kb region of Gad1 gene promoter by gap repair in front of the GFP coding region in pEGFP (Clontech) as described previously (Chattopadhyaya et al., 2004) . The EGFP coding region was substituted with DNA fragment containing mRFP-NCAM120, mRFP-NCAM140, or mRFP-NCAM180 or with Fyn DN or CA cDNA, respectively.
Slice culture and biolistic transfection. Slice culture preparation was essentially as described previously (Stoppini et al., 1991) . Postnatal day 3 (P3) to P5 mice were decapitated, and brains were rapidly removed and immersed in culture medium (containing DMEM, 20% horse serum, 1 mM glutamine, 13 mM glucose, 1 mM CaCl 2 , 2 mM MgSO 4 , 0.5 m/ml insulin, 30 mM HEPES, 5 mM NaHCO 3 , and 0.001% ascorbic acid). Coronal brain slices, 400 m thick, were cut with a chopper (Stoelting). Slices were then placed on transparent Millicell membrane inserts (Millipore), usually two to three slices per insert, in 30 mm Petri dishes containing 750 l of culture medium. Finally, they were incubated in a humidified incubator at 34°C with a 5% CO 2 -enriched atmosphere, and the medium was changed three times per week. All procedures were performed under sterile conditions. Constructs to be transfected were incorporated into "bullets" that are made using 1.6 m gold particles coated with 25-30 g of each of the plasmids of interest. These bullets were used to biolistically transfect slices by gene gun (Bio-Rad) at high pressure (180), and the transfected slices were incubated for 8 d at the time period of interest, under the same conditions as described above, before imaging.
Depending on the experiments, one to four constructs were coprecipitated onto gold particles. When a gold particle coated with multiple constructs enters the neuron, all the constructs are coexpressed within the same cell because they are all driven by P G67 promoter. For control cells, slices were labeled simply with P G67 -GFP bullets, whereas for the NCAM knockdown cells, slices were transfected with double bullets containing P G67 -GFP and P G67 -Cre or P G67 -GFP-IRES-Cre. For the rescue experiments, triple-coated bullets containing P G67 -GFP/Cre and one of P G67 -mRFP-NCAM120, P G67 -mRFP-NCAM140, or P G67 -mRFP-NCAM180 were used. To study the role of Fyn kinase in NCAMmediated modulation of basket cell synapse formation, we used three types of bullets: (1) bullets coated with P G67 -GFP and P G67 -FynDN; (2) bullets coated with P G67 -GFP/CRE and P G67 -FynCA; and (3) bullets coated with P G67 -GFP/CRE, P G67 -mRFP-NCAM120, and P G67 -FynDN.
Immunohistochemistry, image acquisition, and analyses. Slices were fixed, freeze thawed, and immunostained as described previously (Chattopadhyaya et al., 2004) . We used anti-NeuN, a monoclonal antibody that specifically labels neuronal nuclei (1:400; Millipore Bioscience Research Reagents), followed by incubation with either Alexa Fluor 555-conjugated or Alexa Fluor 633-conjugated goat IgG (1:400; Invitrogen). All experiments were repeated at least three times. For each set of data, between 60 and 90 pyramidal innervated cell somata from at least six to nine basket cells were chosen for analysis. Analyzed basket cells were from at least four different animals, for each experimental group.
Non-overlapping fields of axonal innervation from well-isolated basket interneurons were acquired with a 63ϫ glycerol-immersion objective (numerical aperture 1.4; Leica) using a confocal microscope (LEICA TCS SPE) (for example stacks, see videos of Chattopadhyaya et al., 2004, their Supplemental Data) . Z-stacks were acquired with 1 m steps of at least 30 m along the z-axis, exported as TIFF files, and analyzed with Neurolucida software (MicroBrightField). Green and red channels were separated, and basket axons and boutons were traced in three-dimensions in the green channel, which were then superimposed on the red channel containing images of pyramidal cell soma (identified by NeuN immunofluorescence). Care was taken to analyze only those pyramidal cell somata that were complete and well isolated. The following parameters were analyzed for each basket cell: (1) perisomatic bouton density; (2) axonal terminal branching around contacted somata; and (3) percentage of pyramidal somata contacted by basket cells. In our three-dimensional Sholl analysis, Sholl spheres with a 1 m increment from the center of a pyramidal soma were used to quantify basket axon terminal branch complexity and bouton density around the pyramidal cell soma. Axon branch complexity around a single pyramidal cell soma was quantified as the average number of intersections between basket cell axons and the Sholl spheres in the first 9 m from the center of the pyramidal cell soma. We choose 9 m as the limiting radius for a Sholl sphere because it approximates the average pyramidal cell soma radius measured from pyramidal neurons immunostained with NeuN antibody. Bouton density around each pyramidal cell soma was measured within the same set of Sholl spheres and averaged among pyramidal neurons for each condition. Only pyramidal cell somata with Sholl spheres, which intersect basket axons in the first 9 m from the center of their soma, were taken for analysis. Between 10 and 15 pyramidal neurons located not more than 200 m from the soma were analyzed for each basket cell. By using this method, we obtained an unbiased estimate of the number of presumptive boutons within a given distance of a labeled pyramidal cells soma (NeuN profiles), because we did not manually chose the boutons that contact the target. However, the functional status of these structures was not tested.
The percentage of pyramidal somata innervated by basket cells was defined in a confocal stack by the number of somata contacted by the basket cell axon divided by the total number of observed somata. This was repeated over all the fields of each basket axon, and the results were averaged.
Statistical analyses. Differences between multiple groups were assessed with one-way ANOVA, followed by the Holm-Sidak test for normally distributed data or the Dunn's test on ranks for not normally distributed data. Differences between two groups were assessed with the Student's t test for normally distributed data and the Mann-Whitney U test for not normally distributed data.
Results
NCAM regulates synapse density and axon branching during basket cell development
Germ-line homozygous deletion of the NCAM gene results in several developmental defects, including alterations in precursor migration, mossy fiber organization, and synaptic transmission and plasticity (Cremer et al., 1994 . Because of the broad expression of NCAM in the nervous system and the concomitant lack of PSA in NCAM null mice, it has been not possible so far to pinpoint the specific role of NCAM in GABAergic synapse development. To examine the role of NCAM in the postnatal maturation of GABAergic inhibitory circuits in visual cortex, we used a transgenic mouse carrying a conditional allele of NCAM (Bukalo et al., 2004) , which allows cell type and developmental stage restricted knockdown of NCAM synthesis. In this floxed NCAM mouse (NCAM lox/lox ), Cre-mediated recombination results in excision of exon 5, causing a shift in reading frame and termination of translation ( Fig 1A) .
To inhibit NCAM expression in basket interneurons and simultaneously label their axons and synapses, we used a previously characterized promoter region (P G67 ; Chattopadhyaya et al., 2004) to express either Cre recombinase together with GFP (P G67 -GFP/Cre) or GFP alone in parvalbumin-positive basket interneurons in organotypic cultures from the visual cortex of NCAM lox/lox mice ( Fig 1A) . Previous studies have shown that the basic features of maturation of perisomatic innervation by basket interneurons onto pyramidal cells are retained in visual cortical organotypic cultures (Chattopadhyaya et al., 2004; . In organotypic cultures, basket interneurons start out with very sparse and simple axons, which develop into complex, highly branched arbors in the subsequent 4 weeks with a time course similar to that observed in vivo (Chattopadhyaya et al., 2004) . We focused our study in the third and fourth week during which a significant and stereotyped maturation of perisomatic innervation occurs (Chattopadhyaya et al., 2004 (Chattopadhyaya et al., , 2007 . Furthermore, PSA expression is strongly reduced within the first 2 postnatal weeks in visual cortex Bélanger and Di Cristo, 2011) ; thus, inducing Cremediated recombination after this time point allows us to study the specific role of NCAM per se in GABAergic synapse maturation.
After NCAM deletion in single basket cells, we quantified two aspects of basket cell axon innervation: (1) the extent of perisomatic innervation around single somata (terminal branching and perisomatic synapse density); and (2) perisomatic innervation in the network (the fraction of innervated somata). We showed previously that the vast majority of GFP-labeled boutons in our experimental condition most likely represent presynaptic terminals (Chattopadhyaya et al., 2004 (Chattopadhyaya et al., , 2007 Wu et al., 2012) . Using the analyses described in Materials and Methods, we obtained an unbiased estimate of the number of presumptive boutons on individual labeled pyramidal cell soma.
In age-matched basket cells from NCAM lox/lox cultures transfected with P G67 -GFP/Cre (referred to here on as NCAM Ϫ/Ϫ cells) from equivalent postnatal day 16 (EP16; P4 ϩ 12 d in vitro) to EP24, the shape and gross branching pattern of axon arbors appeared similar to that of control cells (Fig 1B1,C1) . Furthermore, NCAM Ϫ/Ϫ basket cell axons appeared thinner, bore fewer boutons around pyramidal cell somata (Fig 1, NeuN profiles , in red), and showed reduced number of terminal branches throughout the innervation field (Fig 1B2,C2 , D, F; boutons/soma Ϯ SEM, 9.1 Ϯ 0.8 for control vs 5.8 Ϯ 0.2 for NCAM Ϫ/Ϫ cells; Mann-Whitney U test, p Ͻ 0.01). In addition, when comparing the fraction of innervated cells over the total number of potential targets in a confocal stack, we found a significant reduction of the percentage of innervated cells from each NCAM Ϫ/Ϫ basket cell compared with controls ( Fig. 1E ; percentage of innervation Ϯ SEM, 50.2 Ϯ 0.4% for NCAM Ϫ/Ϫ and 74 Ϯ 2% for controls; Mann-Whitney U test, p Ͻ 0.01). Together, these results suggest that NCAM per se regulates the number of potential targets contacted by a basket cell and the extent of perisomatic innervation established onto each contacted cell, during the maturation of GABAergic circuits (Fig 1G,H ) .
NCAM120 and NCAM140 isoforms rescue perisomatic synapse maturation in NCAM
Ϫ/Ϫ basket cells NCAM exists in three major alternatively spliced isoforms: the 140 and 180 isoforms have intracellular domains differing only by a 267 aa insert in the 180 isoform, whereas the 120 isoform is GPI linked and lacks an intracellular domain (Cunningham et al., 1987; Barbas et al., 1988) . To explore whether different NCAM isoforms play different roles in basket cell synapse maturation, we inactivated the endogenous NCAM alleles and simultaneously reintroduced each mRFP-tagged NCAM isoform separately in single basket cells from EP16 to EP24. All three P G67 -mRFP-NCAM isoforms were expressed to comparable levels in basket cells.
Surprisingly, both NCAM140 and NCAM120 were able to significantly rescue the deficits in perisomatic innervation caused by NCAM deletion in single basket cells. NCAM Ϫ/Ϫ basket cells expressing either mRFP-NCAM140 or mRFP-NCAM120 formed perisomatic innervations characterized by multiple terminal axon branches and clustered boutons that were indistinguishable from age-matched controls cells (compare Fig. 2A2 ,B2 with 1B2) and were significantly different from NCAM Ϫ/Ϫ basket cells (Fig. 2 D, F ; boutons/soma Ϯ SEM, 8.7 Ϯ 0.7 for NCAM120 and 7.6 Ϯ 0.8 for NCAM140 vs 5.8 Ϯ 0.2 for NCAM Ϫ/Ϫ basket cells; one-way ANOVA, p Ͻ 0.05). Similarly, NCAM Ϫ/Ϫ basket cells expressing either mRFP-NCAM140 or mRFP-NCAM120 contacted a percentage of pyramidal cell somata in each confocal stack comparable with control cells ( Fig. 2E ; 70 Ϯ 2 and 59 Ϯ 7%, respectively, for NCAM120-and NCAM140-expressing NCAM Ϫ/Ϫ cells vs 74 Ϯ 2% for NCAM control basket cells; oneway ANOVA, p Ͼ 0.05). Overall, the rescue phenotype in NCAM Ϫ/Ϫ cells via NCAM120 expression was very consistent, whereas NCAM140 expression showed slightly more variability in its rescue effects. Interestingly, perisomatic bouton density ( Fig. 2D ; boutons/soma Ϯ SEM, 5.3 Ϯ 0.2), terminal branch complexity (Fig. 2F ) , and the percentage of innervated somata ( Fig. 2E ; 38 Ϯ 3%; one-way ANOVA, p Ͼ 0.05) were not significantly different between mRFP-NCAM180-expressing NCAM Ϫ/Ϫ basket cells and NCAM Ϫ/Ϫ basket cells (one-way ANOVA, p Ͼ 0.05). Altogether, these data demonstrate that NCAM120 and NCAM140, but not the NCAM180 isoform, are potentially able to promote the maturation of GABAergic basket cell innervation.
Fyn kinase signaling mediates the effect of NCAM120 and NCAM140 isoforms on perisomatic synapse maturation The ability of NCAM120 to rescue perisomatic GABAergic synapse maturation was unexpected, because NCAM120 lacks an intracellular domain and its signaling pathway is not well known. Recent data suggest that NCAM140 and NCAM180 differ in their ability to activate the Fyn-FAK kinase pathway (Niethammer et al., 2002) , with NCAM140 being the most effective. In parallel, NCAM120 has been shown to be tightly associated with Fyn kinase in lipid rafts (Krämer et al., 1999) . Therefore, we hypothesized that Fyn kinase pathway acts downstream to NCAM140 and NCAM120 and that its activation is necessary and sufficient for basket cell axon branching and bouton formation. To test this hypothesis, we used two experimental strategies: we transfected cultures from NCAM lox/lox mice from EP16 to EP24 with (1) a DN form of Fyn (P G67 -FynDN) (Bodrikov et al., 2005) together with GFP or (2) with a CA form of Fyn (P G67 -FynCA) (Bodrikov et al., 2005) together with Cre/GFP. We reasoned that reducing endogenous levels of Fyn activity should mimic the effect NCAM deletion in wild-type basket cells, whereas a CA form of Fyn should rescue the effects of NCAM deletion in NCAM Ϫ/Ϫ basket cells. Consistent with our hypothesis, wild-type basket cells transfected with FynDN from EP16 to EP24 contacted less pyramidal cells, showed reduced axon branching, and formed a lower number of boutons around pyramidal somata compared with control basket cells, whereas they were indistinguishable from NCAM Ϫ/Ϫ basket cells (Fig. 3 A, D-F ; boutons/soma Ϯ SEM, 5.9 Ϯ 0.2 for FynDNexpressing basket cells vs 9.1 Ϯ 0.8 and 5.8 Ϯ 0.2 for controls and NCAM Ϫ/Ϫ basket cells, respectively; percentage of innervation Ϯ SEM, 50 Ϯ 3% for FynDN-expressing cells vs 74 Ϯ 2 and 50.2 Ϯ 0.4% for controls and NCAM Ϫ/Ϫ basket cells, respectively). Conversely, FynCA overexpression was sufficient to rescue the bouton density around each innervated soma and the percentage of somata innervated by NCAM Ϫ/Ϫ basket cell innervation to control levels (Fig. 3 B, D,E ; boutons/soma Ϯ SEM, 9.1 Ϯ 0.2 for FynCA-expressing NCAM Ϫ/Ϫ basket cells vs 9.1 Ϯ 0.8 for control basket cells; percentage of innervation Ϯ SEM, 74 Ϯ 3% for FynDN-expressing cells vs 74 Ϯ 2 for controls). However, the axon of NCAM Ϫ/Ϫ basket cells expressing FynCA formed less terminal branching around innervated somata compared with controls ( Fig. 3F ) and harbored dense boutons that appeared notably more variable in shape and size. It is possible that the CA form of Fyn kinase might not be subjected to the same tight temporal and spatial regulation as endogenous Fyn activity, resulting in premature stabilization of contacts between the axon and the postsynaptic cell, which may impair the growth of terminal axon branching and result in an excess formation of boutons. Alternatively, NCAM may be needed for the local activation of other signaling molecules in addition to Fyn kinase, which could in turn promote terminal branching formation.
Finally, if Fyn kinase activation acts downstream to NCAM120 in regulating the development of basket cell innervation, then coexpressing FynDN and NCAM120 in the same NCAM Ϫ/Ϫ basket interneuron should block the rescue effects of NCAM120. To test this hypothesis, we biolistically transfected the constructs P G67 -GFP/Cre, P G67 -FynDN, and P G67 -NCAM120 in single basket cells. NCAM Ϫ/Ϫ basket cells cotransfected with both FynDN and NCAM120 were overall indistinguishable from NCAM Ϫ/Ϫ basket cells or wild-type basket cells expressing FynDN alone (Fig. 3C--F ) . NCAM Ϫ/Ϫ basket cells cotransfected with both FynDN and NCAM120 showed a reduction in axon density, perisomatic bouton density, and percentage of innervated cells compared with NCAM Ϫ/Ϫ basket cells expressing NCAM120 alone (compare Fig. 3C with 2 A; boutons/ soma Ϯ SEM, 5.9 Ϯ 0.2 and percentage of innervation Ϯ SEM, 48 Ϯ 2% for NCAM Ϫ/Ϫ basket cells expressing both NCAM120 and FynDN vs 8.7 Ϯ 0.7 and 70 Ϯ 2%, respectively, for NCAM Ϫ/Ϫ basket cells expressing NCAM120 alone). These results suggest that NCAM-mediated activation of Fyn kinase plays a major role in the maturation of the innervation field of basket GABAergic cells in postnatal cortex.
To further investigate the link between different NCAM isoforms and Fyn signaling, we expressed P G67 -FynCA together with GFP in either presence of endogenous NCAM levels or in NCAM Ϫ/Ϫ basket cells expressing P G67 -NCAM180 alone. NCAM Ϫ/Ϫ basket cells cotransfected with both FynCA and NCAM180 show normal bouton density and percentage of innervation compared with control basket cells (Fig. 4 A, C,D ; boutons/soma Ϯ SEM, 8.2 Ϯ 0.2 for NCAM Ϫ/Ϫ basket cells expressing both FynCA and NCAM180 vs 9.1 Ϯ 0.8 for control basket cells; percentage of innervation Ϯ SEM, 59 Ϯ 4% for FynCA/NCAM180-expressing cells vs 74 Ϯ 2% for controls; oneway ANOVA, p Ͼ 0.05). However, the axon of NCAM Ϫ/Ϫ basket cells expressing FynCA/NCAM180 formed slightly less terminal branching around innervated somata compared with controls, a result similar to NCAM Ϫ/Ϫ basket cells expressing only FynCA ( Fig. 4E ; one-way ANOVA, p Ͻ 0.05), whereas NCAM ϩ/ϩ basket cells expressing FynCA (Fig. 4B) or NCAM Ϫ/Ϫ expressing FynCA and NCAM120 (data not shown) form terminal branching indistinguishable from control cells ( Fig. 4E ; one-way ANOVA, p Ͼ 0.05). Interestingly, NCAM ϩ/ϩ basket cells expressing FynCA form a slightly, but significantly, higher number of perisomatic boutons around targeted pyramidal cells compared with controls or NCAM Ϫ/Ϫ basket cells expressing both NCAM180 and FynCA (boutons/soma Ϯ SEM, 11.7 Ϯ 0.9 for FynCA-expressing NCAM ϩ/ϩ basket cells vs 9.1 Ϯ 0.8 for NCAM ϩ/ϩ basket cells and 8.2 Ϯ 0.2 for NCAM Ϫ/Ϫ basket cells expressing both FynCA and NCAM180; one-way ANOVA, p Ͻ 0.05). This is consistent with the fact that FynCA overexpression can rescue perisomatic bouton number in NCAM Ϫ/Ϫ cells or NCAM Ϫ/Ϫ expressing NCAM180, without fully rescuing terminal branching. This maybe because either (1) overexpression of FynCA prematurely stabilizes the basket cell perisomatic boutons, influencing terminal axon branching or (2) parallel pathways other than Fyn kinase that are triggered by NCAM can also promote terminal branching. Altogether, these data strengthen the conclusion that NCAM120/NCAM140 but not NCAM180, are needed for the proper maturation of GABAergic basket cell synaptic field, through the local activation of Fyn kinase and possibly other signaling molecules.
NCAM is not necessary for the maintenance of basket cell perisomatic synapses
To examine whether NCAM was continuously required to maintain the extensive basket cell axon arbors and perisomatic innervation, we inactivated both NCAM alleles in basket interneurons from EP26 to EP32, after the mature innervation pattern had been established (Chattopadhyaya et al., 2004) . NCAM Ϫ/Ϫ showed no differences in overall axon morphology, terminal axon branching, bouton number around pyramidal cell somata, and percentage of contacted targets compared with age-matched controls (Fig. 5 A, B,D-F ; boutons/soma Ϯ SEM, 10.3 Ϯ 0.9 for NCAM Ϫ/Ϫ vs 10.3 Ϯ 0.5 for control basket cells; one-way ANOVA, p Ͼ 0.05). Moreover, overexpression of FynDN in wildtype basket cells from EP26 to EP32 had no detectable effects on the overall basket cell innervation compared with controls (Fig.  5C ,D--F; boutons/soma Ϯ SEM, 10.3 Ϯ 0.4; one-way ANOVA, p Ͼ 0.05). Altogether, these data suggest that NCAM-mediated Fyn activation is not necessary for the structural maintenance of the basket interneuron perisomatic innervation.
Discussion
The formation of mature GABAergic innervation is established during an extended postnatal period. In particular, the increase of exuberant local axon branching and perisomatic innervation is most pronounced between postnatal weeks 3 and 4, concurrent with the maturation of functional GABAergic inhibition (Morales et al., 2002; Chattopadhyaya et al., 2004 ). Here we show that NCAM expression in a single GABAergic basket cell is necessary for the maturation of its innervation. Moreover, we show that NCAM140 and NCAM120, but not NCAM180, can mediate this effect, partly through Fyn kinase activation.
NCAM regulates the maturation but not the maintenance of perisomatic GABAergic innervation formed by individual basket cells
Studying the effect of NCAM is complicated by the multiple roles it plays during different stages of development (Doherty et al., 1990a,b; Bronner-Fraser et al., 1992) , (Rafuse et al., 2000; PoloParada et al., 2004) , Sytnyk et al., 2006; Puchkov et al., 2011) . Mice with constitutive disruption of the NCAM gene show several morphological and functional changes, including reduction in the size of the olfactory bulb, disrupted lamination in CA3 region of the hippocampus, impaired spatial memory and learning, and increased aggressive behavior (Cremer et al., 1994 Stork et al., 1997 Stork et al., , 1999 . Another level of complexity is added by the fact that NCAM is the main carrier of PSA. In fact, transgenic mice unable to synthetize PSA show a more drastic phenotype than NCAM knock-out mice, likely because of a gain of NCAM function at the wrong developmental stages (Weinhold et al., 2005; Hildebrandt et al., 2007 Hildebrandt et al., , 2010 . By using the Cre-loxP recombination system to generate single, isolated basket cells in which NCAM is ablated, we could dissect out the role of NCAM in the maturation of perisomatic GABAergic innervation from other developmental effects. In addition, we could restrict genetic deletion to specific stages of GABAergic cell axon and synapse development, when PSA expression is already reduced , thereby circumventing any earlier developmental consequence of NCAM knock-out and PSA reduction. We found that NCAM deletion impairs drastically the increase in their perisomatic synapse density and terminal branching observed between EP16 and EP24. It remains to be determined whether wild-type basket cells innervating the same pyramidal cells as the NCAM Ϫ/Ϫ ones form more synapses around each target, resulting in overall unchanged perisomatic synapse density.
An open question is whether NCAM is involved in the initial formation of synaptic connectivity or whether it plays a role mainly in the subsequent steps of synapse proliferation, mainte-nance, and plasticity. In mice lacking NCAM, neuromuscular junctions form but display characteristics of an immature junction (Rafuse et al., 2000; Polo-Parada et al., 2001) , supporting a critical role for NCAM in the organization and maturation of the presynaptic site. In addition, NCAM and its polysialylated form regulate the ability of the postsynaptic density to undergo remodeling in the CNS (Muller et al., 2010) . Our data show that NCAM deletion during the phase of perisomatic GABAergic synaptic maturation drastically impairs this process, whereas NCAM knock-out at a later stage, when perisomatic synapses have reached their mature morphology, does not seem to have an effect. One possibility is that NCAM at the mature synapse is more stable, maybe as part of a complex with other synaptic proteins. If this was the case, waiting 8 d after knocking out the NCAM gene may not be long enough to see a reduction of NCAM protein levels at the synapse. However, transfection of a DN form of Fyn kinase, which should reduce Fyn activity as soon as it is expressed, impairs NCAM-mediated perisomatic GABAergic synapse maturation but not their maintenance, therefore supporting the conclusion that NCAM plays a specific role during GABAergic synapse proliferation. However, we cannot at this stage exclude that NCAM reduction at later stages might affect different aspects of GABAergic physiology and plasticity.
NCAM120 and NCAM140, but not NCAM180, overexpression rescues the effect of NCAM deficit via Fyn kinase activation
In the CNS, NCAM140 is localized to migratory growth cones and axon shafts of developing neurons, whereas NCAM180 is predominantly expressed in neurons late in development and is enriched in the postsynaptic densities of mature neurons ( Persohn et al., 1989) . NCAM120 was originally thought to be expressed mainly in glia (Noble et al., 1985) , but it was later shown to be enriched in lipid rafts extracted from growth cones from the postnatal brain (He and Meiri, 2002) and from isolated forebrain synaptosomes (Korshunova et al., 2007) . Here, we showed that NCAM140 and NCAM120, but not the NCAM180 isoform, are able to rescue NCAM gene deletion. The ability of NCAM120 to rescue perisomatic GABAergic synapse maturation was an unexpected result, because NCAM120 lacks an intracellular domain and both its downstream signaling pathway and role in neurons are less known. Our results suggest that NCAM120 effects are mediated by Fyn activity, because coexpression of NCAM120 and a DN form of Fyn blocks the rescue effects of NCAM120 on perisomatic GABAergic synapse formation in NCAM Ϫ/Ϫ basket cells (Fig. 4) . It has been shown that palmitoylation of the intracellular domain of NCAM140 and NCAM180 promotes dynamic redistribution of NCAM to lipid rafts in which they activate distinct downstream signal transducing proteins (Niethammer et al., 2002) . Although NCAM180 and NCAM140 are localized in both membrane subcompartments, only lipid-raft-associated NCAM140 is able to activate the Fyn-FAK kinase pathway (Niethammer et al., 2002) . In contrast to NCAM140 and NCAM180, NCAM120 is constitutively associated with lipid rafts, in which it is tightly associated with Fyn kinase (Krämer et al., 1999) . GPI-linked molecules, such as NCAM120 can cause productive interactions with Fyn kinase by clustering in rafts, thereby activating ERK1/2 (Krämer et al., 1999; Crossin and Krushel, 2000) . Indeed, it has been proposed that rafts can promote low-affinity "kiss-and-run" interactions attributable to locally enriched concentrations of interacting molecules. Alternatively, activation of intracellular kinases by GPI-anchored NCAM120 may depend on cis-interactions with transmembrane molecules (Zeng et al., 1999) .
Role of Fyn kinase in GABAergic synapse development
We propose that Fyn activity lies at the center of NCAM regulation of GABAergic synapse maturation because a DN form of Fyn impairs GABAergic synapse maturation, whereas a CA form primarily rescues the effect of NCAM knockout. NCAM-mediated Fyn activation may in turn locally regulate other factors that are important for GABAergic synapse development. For example, Fyn regulates neurofascin distribution, which in turn localizes GABAergic innervation by basket cells to the axon initial segment of Purkinje cells . Fyn also binds to and phosphorylates the ␥2 subunit of the GABA A receptor, which is thought to result in rapid recruitment of GABA A receptors to postsynaptic sites in neurons (Jurd et al., 2010) . Furthermore, during BDNF activation, TrkB receptors are selectively recruited to lipid raft membranes through a mechanism that involves Fyn (Pereira and Chao, 2007) . Inhibiting TrkB translocation to lipid rafts, by using either Fyn knock-out neurons or lipid-raftdisturbing agents, prevents the full activation of TrkB, therefore affecting the outcome of BDNF signaling. BDNF signaling is well known to promote GABAergic synapse maturation . Interestingly, TrkB can also directly bind to NCAM and modulate NCAM-mediated signaling via tyrosine phosphorylation (Cassens et al., 2010) . Finally, NCAM, together with TrkB, regulates the surface expression of the inwardly rectifying K Altogether, our data suggest that local NCAM-mediated Fyn activation may, alone or in concert with other adhesion molecules, ion channels, and neurotrophic factors, start a positive feedback mechanism to accelerate GABAergic synapse maturation once PSA has been removed by neural activity and sensory experience.
NCAM implication in neurodevelopmental diseases
A growing body of evidence has implicated NCAM as a susceptible risk for neuropsychiatric disorders with neurodevelopmental origin, such as schizophrenia and depressive and anxiety disorders (Brennaman and Maness, 2010) . Although these disorders vary in symptoms, age of onset, treatment, and neuronal systems affected, they share cognitive dysfunction as a core feature. In parallel, several studies point to a central and causal role of GABAergic deficits in the etiology of schizophrenia and depressive disorders (Lewis et al., 2005; Luscher et al., 2011) . It is tantalizing to hypothesize that subtle alteration in NCAM signaling may change the developmental trajectory of GABAergic synapse maturation, therefore predisposing the individual to the occurrence of cognitive dysfunction.
In support of this hypothesis, disease severity and duration have been correlated with increased levels of a soluble fragment consisting of the extracellular domain of NCAM in the CSF, prefrontal cortex, and hippocampus of individuals with schizophrenia (Vawter et al., 2001) . Transgenic mice overexpressing the NCAM extracellular proteolytic cleavage fragment show impaired GABAergic innervation and several behavioral alterations resembling schizophrenia traits (Pillai-Nair et al., 2005; Brennaman and Maness, 2010) . Our study on perisomatic GABAergic synapses demonstrates that specific NCAM isoforms regulate the process of synapse maturation, which in turn is mediated by Fyn activation. Future studies will help us understand whether targeted manipulation of the NCAM pathway may help to alleviate cognitive problems in neurodevelopmental diseases.
